We determined the complete nucleotide sequence of the Rose spring dwarf-associated virus (RSDaV) genomic RNA (GenBank accession no. EU024678) and compared its predicted RNA structural characteristics affecting gene expression. A cDNA library was derived from RSDaV double-stranded RNAs (dsRNAs) purified from infected tissue. Nucleotide sequence analysis of the cloned cDNAs, plus for clones generated by 5′-and 3′-RACE showed the RSDaV genomic RNA to be 5808 nucleotides. The genomic RNA contains five major open reading frames (ORFs), and three small ORFs in the 3′-terminal 800 nucleotides, typical for viruses of genus Luteovirus in the family Luteoviridae. Northern blot hybridization analysis revealed the genomic RNA and two prominent subgenomic RNAs of approximately 3 kb and 1 kb. Putative 5′ ends of the sgRNAs were predicted by identification of conserved sequences and secondary structures which resembled the Barley yellow dwarf virus (BYDV) genomic RNA 5′ end and subgenomic RNA promoter sequences. Secondary structures of the BYDV-like ribosomal frameshift elements and cap-independent translation elements, including long-distance base pairing spanning four kb were identified. These contain similarities but also informative differences with the BYDV structures, including a strikingly different structure predicted for the 3′ cap-independent translation element. These analyses of the RSDaV genomic RNA show more complexity for the RNA structural elements for members of the Luteoviridae.
Introduction
Viruses in the family Luteoviridae are among the most ecologically successful and economically important of the plant viruses (Harrison, 1999) . All members of the family have isometric virions containing single-stranded positive-sense ssRNA genomes, infections are phloem-limited in plant hosts and the viruses are aphid transmitted in a circulative, non-propagative manner (D'Arcy and Domier, 2005) . The viruses of the family Luteoviridae are divided into three genera, Enamovirus, Luteovirus and Polerovirus, based on genome organization, sequence similarities and gene-expression strategies (D'Arcy and Domier, 2005) . The luteovirid genome contains five to six major open reading frames (ORFs) designated ORF 0 through ORF 6. Some luteovirids possess one or two additional ORFs (Ashoub et al., 1998; Miller et al., 2002) . ORF 0 is limited to the Enamovirus and Polerovirus genera and the protein it encodes, P0, exhibits silencing suppressor activities (Pazhouhandeh et al., 2006) . ORFs 1 and 2 encode the replication-related proteins. In all three genera, ORF 2 is expressed via a-1 translational frameshift from ORF 1, thereby giving an ORF 1/2 fusion protein. ORF 1 overlaps ORF 2 by less than 20 nt in luteoviruses, but by more than 400 nt in enamo-and poleroviruses. ORFs 3 and 5 encode the coat and readthrough proteins, respectively. ORF 4, which is lacking in the enamoviruses, encodes a putative movement protein (Liu et al., 2005) .
Some luteoviruses exhibit properties of more than one genus and phylogenetic analyses suggest that recombination has played an important role in the generation of some species within Luteoviridae (Miller et al., 1995) . For example, Bean leafroll virus (BLRV) and Soybean dwarf virus (SbDV) have been shown to be recombinants between viruses from the genera Polerovirus and Luteovirus, because they contain polerovirus-like capsid genes but also luteovirus-like polymerase genes (Domier et al., 2002; Rathjen et al., 1994) . Similarly, Sugarcane yellow leaf virus (ScYLV) is also a recombinant virus, but with a luteovirus-like capsid and a polerovirus-like polymerase gene (Maia et al., 2000; Moonan et al., 2000; Smith et al., 2000) .
In addition to their characteristic ORF organization, some luteovirus genomic (and subgenomic) RNAs have been shown to contain nucleotide sequence elements that specifically facilitate some of the unique gene-expression and genomereplication strategies used by these viruses (Miller and White, 2006) . Luteovirus genomic RNAs lack a 5′ cap. Instead, longdistance RNA-RNA interactions between the 3′ BTE (Barley yellow dwarf virus [BYDV]-like cap-independent translation element) and 5′ BCL (BTE complementary loop) regions have been shown to mediate cap-independent translation (Guo et al., 2001) . Characteristic nucleotide sequence elements also facilitate the luteovirus-1 ribosomal frameshift and ORF 3-5 readthrough events that are typical of the translational strategy used by luteoviruses (Dreher and Miller, 2006) .
We recently discovered a previously undescribed luteovirus associated with the Rose spring dwarf disease (Salem et al., in press) . In light of the diverse properties exhibited by viruses comprising the family Luteoviridae, we proceeded to determine how this virus, Rose spring dwarf-associated virus (RSDaV) compared to other luteoviruses. Here we report the genomic organization and expression strategy, and identification of replication/translation nucleotide sequence elements of RSDaV. This monocot and dicot-infecting virus is most closely related to BYDV, and exhibits new genomic diversity among viruses of the Luteoviridae.
Results and discussion
RSDaV RNA nucleotide sequence analysis and genome organization
We chose to use RSDaV-specific double-stranded RNAs (dsRNAs) as templates for cDNA cloning. We showed previously that three dsRNAs were consistently isolated from RSDaV-infected rose plants, but not healthy plants (Salem et al., in press) , and here these proved to be good templates for cDNA synthesis. Approximately seventy plasmids from the cDNA and RT-PCR libraries were used to determine the entire sequence of the RSDaV genomic RNA, with at least two plasmids covering each region. The nucleotide sequence of the RSDaV genomic RNA (GenBank accession no. EU024678) was 5808 nt and showed five large ORFs arranged in two groups ( Fig. 1 ). Three, putative small ORFs also were identified and are discussed below. The RSDaV genomic RNA has a non-coding leader sequence of 186 nt. ORF 1 (nts 187-1308) and ORF 2 (nts 1308-2888) were predicted to encode proteins of 41 kDa and 58 kDa, respectively. Their predicted amino acid sequences were most similar to those of SbDV, followed by BLRV and BYDV-PAV. BLASTX comparisons with RSDaV ORF 1 revealed 36% identity with SbDV, BLRV and BYDV-PAV. ORF 2 was more conserved with 66%, 65% and 62% identity to SbDV, BLRV and BYDV-PAV, respectively. There were no significant alignments with members of the Enamovirus or Polerovirus genera.
ORF 2 encodes the active site of the viral RNA-dependent RNA polymerase (RdRp) as it contains the core RNA polymerase motif GXXXTXXXN(X25-40) GDD, where X represents any amino acid (Kamer and Agros, 1984; Koonin, 1991) . A non-coding intergenic sequence of 117 nucleotides separates ORF 2 from the second block of coding sequence. The characteristic arrangement of the 3′ block of the three ORFs (ORF 3, 4 and ORF 5) common to the Luteovirus and Polerovirus genera is conserved in RSDaV genome. ORF 3 (nts 3006-3665), predicted to encode the 24 kDa RSDaV coat protein (CP), is the first ORF to initiate after the non-coding sequence. ORF 4 is contained completely within ORF 3, in a different reading frame (nts 3055-3612), and encodes a 20 kDa protein. Finally, ORF 5 (nts 3006-5045), predicted to encode the RSDaV CP-readthrough protein, is positioned directly downstream of, and contiguous with, ORF 3. The CP-readthrough fusion protein (ORF 3 + ORF 5 product) has a molecular weight of 75 kDa. The predicted RSDaV CP amino acid sequence is most similar to that of BYDV-MAV (44% identity) followed by ScYLV (42% identity) and BYDV-GAV (39% identity). The ORF 4-encoded protein is most similar to BYDV-PAV, BYDV-MAV and BYDV-GAV, with amino acid sequence identities of 42%, 42% and 40%, respectively. The ORF 5-encoded protein has 34 to 42% amino acid sequence identity, with similar proteins encoded by BYDV-PAV, BYDV-MAV and BYDV-GAV. In addition to the large ORFs, three smaller ORFs (ORFs 6, 7 and 8) capable of encoding proteins with 4.5 kDa, 3.5 kDa and 4.4 kDa, respectively, are present in the 3′ region RSDaV genome ( Fig. 1 ).
Subgenomic RNAs
The RSDaV genome organization predicts that subgenomic RNAs are generated during infection in order to express downstream ORFs. Therefore, to detect subgenomic RNAs in infected plants, northern blot hybridization analysis was performed using total RNAs and dsRNAs extracted from RSDaV-infected rose plants, with probes complementary to three different regions of the RSDaV genome. When the ORF 2specific probe (transcribed from pRSDaV5′, Fig. 1 ) was used, only the genomic-length RNA was detected (Fig. 2, lane 1) . The CP-specific probe (transcribed from pRSDaVCP, Fig. 1 ) hybridized with the genomic RNA and with a smaller RNA, designated as sgRNA1, of about 3.0 kb (Fig. 2, lane 2) . The 3′ end-specific probe (transcribed from pRSDaV3′, Fig. 1 ) hybridized with both the genomic RNA and sgRNA1, but also with a third RNA of approximately 1.0 kb, designated sgRNA2 (Fig. 2, lane 3) . Identical hybridization patterns were obtained when using total (data not shown) or dsRNAs from RSDaV-infected rose plants using the same three probes. No hybridization signals were observed in the healthy plant RNAs.
It is likely that the 3.0 kb RNA is sgRNA1, which is the mRNA for ORFs 3, 4 and 5 of all Luteoviridae, and that the ∼1.0 kb RNA corresponds to the smaller 3′ co-terminal sgRNA2 found in BYDV-infected cells (Kelly et al., 1994; Koev et al., 1999; Shen and Miller, 2004a) . To predict the 5′ ends of the sgRNAs, we searched for sequences that resembled the 5′ end of RSDaV genomic RNA (positive strand replication initiation sites) and the 5′ ends of the known genomic and subgenomic RNAs of BYDV. The BYDV genomic RNA begins with AGUGAAG which resembles the GUGAAG sequence at the 5′ ends of sgRNAs 1 and 2. The 5′ terminal sequence of RSDaV RNA, AGUAAAG, differs from BYDVonly at the G to A transition at the fourth position. Aligning this with sequences around the likely 5′ ends of RSDaV sgRNAs 1 and 2, we found candidate initiation sites for those RNAs at nt 2815 or 2817 for sgRNA1, and nt 4953 for sgRNA2 (Fig. 3A) . The 5′ ends of sgRNAs predicted by this alignment result in sgRNA1 being 2993 or 2995 nt, and an 857 nt sgRNA2, which is in good agreement with the sizes of the sgRNAs estimated by northern blot hybridization (Fig. 2) . In addition to their nucleotide sequence conservation, the conserved elements in the 5′ ends of BYDV genomic RNA and sgRNAs 1 and 2 are in stem-loop structures (Koev and Miller, 2000) . Our analyses showed also that the predicted 5′ ends of all three RSDaV RNAs are in stem-loop structures (Fig. 3B) . Importantly, the loops at the 5′ end of genomic RNA and the predicted end of sgRNA1 contain a sequence, UGACA (bold italics, Fig. 3B ), complementary to a loop in the putative BTE in the RSDaV 3′ UTR (see below).
It is noteworthy that the RSDaV genomic RNA and those of members of genus Luteovirus contain two or three similarlysized and positioned small putative ORFs in the 3′ region downstream of ORF 5. RSDaV sgRNA2 maps to this region and is of the size for the mRNA for ORF 6. sgRNAs similar in size have been identified for BYDV-PAV and some other members of the Luteoviridae (Ashoub et al., 1998; Shen and Miller, 2004a) . BYDV-PAV sgRNA2 serves as a trans-acting a riboregulator, negatively affecting translation of the genomic RNA but not sgRNA1, and likely promoting the switch to genomic RNA replication (Shen and Miller, 2004a; Shen et al., 2006) . sgRNA2 of BYDV appears to be untranslatable in vivo (Shen et al., 2006) . Whether or not RSDaV sgRNA2 performs a similar function is not known, but seems likely based on the conserved sequences and structures seen here.
Translational control sequences
As with other members of the Luteoviridae, RSDaV ORF 2, which encodes the catalytic domain of the RNA-dependent RNA polymerase, is predicted to be translated via a-1 ribosomal frameshifting during translation of ORF 1 in the region where the two ORFs overlap. This would generate ORF 1/2 fusion protein. Two key nucleotide sequence signals characteristic of a-1 frameshift were identified in the RSDaV sequence. First, a shifty heptanucleotide (GGUUUUU) was found at the end of the 82 nt tract where ORFs 1 and 2 overlap (nts 1302-1308). This fits the consensus sequence XXXYYYZ where X is any base, Y is usually U or A, and Z is any base except G (Brierley, 1995; Brierley and Pennell, 2001) . The sequence is identical to the shifty heptanucleotide of Red clover necrotic mosaic virus (RCNMV) (Kim and Lommel, 1998) . Secondly, the nucleotide sequence immediately following the shifty heptanucleotide is predicted to form large bulged stem-loop structure similar to that at the frameshift site of BYDV-PAV RNA (Fig. 4) . This includes a bulge loop that is capable of base pairing to a stemloop located 4 kb downstream in the 3′ UTR. An analogous (Fig. 2) . Bold black lines indicate genomic (gRNA) and subgenomic RNAs (sgRNA), with 5′ ends of sgRNAs predicted as discussed in the text. Black boxes on genome indicate predicted cis-acting structures (left to right): BTE complementary loop of genomic RNA (gBCL, Fig. 3) , shifty heptanucleotide and bulged stem-loop at frameshift site (FS, Fig. 4 ), BTE complementary loop at predicted 5′ end of sgRNA1 (sg1BCL, Fig. 3 ), BYDV-like cap-independent translation element (BTE, Fig. 5 ) and long-distance frameshift element that interacts with the frameshift site (LDFE, Fig. 4 ). long-distance interaction (Fig. 4) is essential for frameshifting on BYDV RNA (Barry and Miller, 2002) .
Viruses in the Luteovirus, Necrovirus and Dianthovirus genera harbor a BTE in the 3′ UTR (Guo et al., 2001; Mizumoto et al., 2003; Shen and Miller, 2004b) . The BTE consists of a 17 nt consensus sequence, GGAUCCUGGGAAACAGG, and a nearby stable stem-loop (SL-III) in which the loop base pairs to a stem-loop in the 5′ UTR, forming a kissing stem-loop interaction that is required for cap-independent translation (Guo et al., 2000) . We found these features in the 3′ UTR of RSDaV RNA (Fig. 5) . Bases 5190-5206 fit the 17 nt consensus with a G → U change at base 10 (in the loop of SL-I; compare Fig. 5A  and B) . This difference is found in BTEs in the necroviruses (Shen and Miller, 2007) and does not deviate from the GNRNA loop motif (N = any base, R = purine) that is thought to be required in SL-I (Treder et al., 2008) . Bases 5257-5275 are predicted to form a GC-rich stem-loop ( Fig. 5 ). Five bases in the loop, UGUCA, are complementary to a loop sequence (UGACA) in the 5′ ends of genomic RNA and subgenomic RNA1 (Fig. 3) . These are the same complementary sequences found in the kissing stem-loops of BYDV RNA (Fig. 5) (Guo et al., 2000) . Interestingly, the kissing bases in other viruses that harbor a BTE are not always identical to those of BYDV and RSDaV (Miller and White, 2006) .
The predicted secondary structures for the RSDaV BTE (Fig. 5A ) differ markedly from other known BTEs (Miller and White, 2006; Miller et al., 2007) . Other BTEs resemble that of BYDV which has three stem-loops connected to the genomic RNA by a fourth helical region, stem-IV (S-IV, Fig. 5B ). Some BTEs lack a structural homolog to SL-II, others have five stemloops (Kneller et al., 2006) . In all cases, the stem-loops radiate from a central core. In contrast, the predicted RSDaV BTE Fig. 4 . Predicted secondary structures of frameshift sites of RSDaV and BYDV-PAV RNAs. Predicted long-distance base pairing between a stem-loop 4 kb downstream and a bulged loop adjacent to the frameshift site is indicated at the left. Similar long-distance stem-loop-bulge loop interaction is known to be required for BYDV-PAV frameshifting, (right). The shifty heptanucleotide is in italics. Amino acid sequences of the end of ORF 1 and the overlapping portion of ORF 2 are shown below the shifty site. Fig. 3 . Predicted 5′ ends of RSDaV sgRNA1 and sgRNA2. A. Alignment of 5′ end of the RSDaV genomic RNA with sequences located at sites consistent with the 5′ ends of sgRNAs. The conserved sequence at the 5′ ends of BYDV genomic and sgRNAs 1 and 2 is shown below the RSDaV sequence. Bases in gray do not fit the consensus. There are two sites, nts 2815, and 2817 that fit consensus start sites for sgRNA1. B. Predicted secondary structures around the known (genomic RNA) and predicted (sgRNAs) 5′ ends of RSDaV RNAs. Bent arrows, bases in bold indicate the predicted 5′ ends of sgRNAs. Bases in loops, in bold italic are predicted to base pair with the 3′ BTE (see Fig. 5 ).
structures contain no such radiating stem-loops but have large tracts of unpaired or weakly paired bases (Fig. 5A ). Because of this, computer predictions revealed many alternative suboptimal structures with very similar predicted minimum free energies (31 with a ΔG within 20% of the most stable). The three most stable structures have virtually identical predicted stabilities (Fig. 5A ). Despite this structural "indecision" all predicted structures for the RSDaV BTE contain SL-I, SL-III (with a loop complementary to the 5′ UTR), SL-II immediately upstream of SL-III, and a stemloop in the approximate position of S-IV, relative to SL-I. Other regions in the sequence show no consistent structure and long single-stranded tracts. We predict that structure (i) in Fig. 5A is the functional BTE because its SL-I and S-IV regions most closely resemble those of BYDV (Fig. 5B) . However, the sequence below SL-I, as drawn (Fig. 5A) , and between SL-I and the SL-II-SL-III regions is unpredictable and may simply be unstructured (single stranded). Assuming this structure is functional, it reveals the remarkable structural variation tolerated by these cap-independent translation elements.
The RSDaV BTE also differs from others in its genomic position relative to the small ORFs in the 3′ end. In BYDV RNA, the BTE is located immediately upstream of the first small ORF (ORF 6) on sgRNA2. In contrast, the BTE of RSDaV overlaps with the 3′ end of ORF 6 and the 5′ end of ORF 7. This supports the notion that the small ORFs on sgRNA2 may not function as protein coding genes (Shen et al., 2006) .
Phylogenetic analysis
Phylogenetic comparison of the complete genome nucleotide sequence of RSDaV with homologous nucleotide sequences from representatives of the three Luteoviridae genera (Enamovirus, Luteovirus and Polerovirus) revealed that RSDaV is most closely related to members of genus Luteovirus (Fig. 6) . Similar results were obtained when only the RSDaV RdRp and CP were compared with the above viruses in Salem et al. (in press) .
Our data show that the RSDaV genomic RNA has the typical genomic organization and predicted cis-acting control sequences of members of the genus Luteovirus, family Luteoviridae. This is further supported by phylogenetic analysis of RSDaV ORFs 1/ 2 and CP predicted amino acid sequences with other viruses from family Luteoviridae, which positioned RSDaV in the genus Luteovirus. In fact, the RSDaV genomic RNA sequence is most similar to that of BYDV-PAV, including sharing sequence elements controlling cap-independent translation, and a-1 frameshifting at the ORF 1-2 overlap and 3′ UTR sequence. RSDaV is a new member of the Luteoviridae, and adds to the currently recognized genomic diversity for the viruses in this important family. While RSDaV is most similar at the genomic level to BYDV-PAV, it shares some biological features as well. One of the aphid vectors for RSDaV is Metapolophium dirhodum, the rose-grass aphid, also is a vector for BYDV-PAV. RSDaV has a host range including oats, an important host for BYDV-PAV, but RSDaV-infected oats are symptomless (Salem et al., in press ).
Materials and methods

Virus source and dsRNA isolation
The RSDaV-infected rose (Rose of Freedom) plants used in this study were obtained from the virus-indexed rose block at Foundation Plant Services (FPS), Davis, CA. Thirty grams of bark scrapings were collected and powdered in liquid nitrogen. dsRNA was extracted and purified using two rounds of CF-11 column chromatography, followed by treatment with Ribonuclease A, Proteinase K and Deoxyribonuclease I-RNase-free to eliminate contaminating single-stranded (ss) RNA, ssDNA and dsDNA (Valverde et al., 1990) . The isolated dsRNAs were analyzed by 6% polyacrylamide gel electrophoresis (PAGE) and detected by ethidium bromide staining.
cDNA synthesis and cloning cDNAs were synthesized using 200 ng dsRNAs as templates. Initially, dsRNAs were denatured with 20 mM methyl mercuric hydroxide and heated at 94°C during 5 min. The SuperScript Choice System for cDNA Synthesis (Invitrogen Corp., Carlsbad, CA) was used to construct a cDNA library from viral RNA following the manufacturer's instructions. The resulting dsDNAs were ligated to pGEM-T Easy (Promega, Madison, WI) and plasmids were transformed into Escherichia coli 10G supreme electrocompetent cells (Lucigen Corp., Middleton, WI). Recombinant colonies were screened and their plasmids were isolated using the FastPlasmid Mini kit (Eppendorf, Westbury, NY), digested with EcoR1 (New England Biolabs, Beverly, MA) to determine insert size and analyzed using agarose gel electrophoresis.
Nucleotide sequencing and analysis
Nucleotide sequencing was performed on both cloned cDNA strands by using an AB1373 Automated Sequencer at the CAES Genomics Facility (CGF), University of California (Davis, CA, USA). Sequences were analyzed using sequence analysis and data management software from Invitrogen, Vector NTI Advance™ 10 (InforMax, Nort Bethesda, MD). The assembly was done with ContigExpress. Genome structure, identification of open reading frames (ORFs) and conserved domains, as well as translated protein sequences were obtained using the BLASTN, BLASTX and ORF finder available at http://www. ncbi.nlm.nih.gov/. Missing sequence gaps were generated by using RT-PCR and primers designed based on the internal sequences. The 5′ and 3′ terminal sequences were determined by using 5′/3′ RACE Kit (Invitrogen). All PCR products were recovered and purified using Zymoclean Gel DNA Recovery Kit (Zymo Research Corp., Orange, CA) and then cloned and sequenced as above.
Northern hybridization
Three RNA probes corresponding to different RSDaV genomic regions were used in northern hybridization to identify RSDaV genomic and subgenomic (sg) RNAs. Total RNAs extracted with the RNeasy Plant Mini Kit (Qiagen, Valencia, CA), or dsRNAs, were denatured with glyoxal and dimethylsulfoxide (Sambrook and Russell, 2001) , separated on a 1% agarose gel, and transferred to Hybond-N + membranes (Amersham Biosciences, Piscataway, NJ). [α-32 P]-UTP-labeled RNA probes were generated from each cloned fragment using the Sp6/T7 MAXIscript in vitro Transcription kit (Ambion, Austin, Texas). Prehybridization and hybridization steps were carried out at 65°C using commercial PerfectHyb Plus™ buffer from Sigma.
Phylogenetic analysis
RSDaV phylogenetic relationships were inferred by comparing the complete genome nucleotide sequence of RSDaV to other members of the Luteoviridae. Sequences were aligned with ClustalX (Thompson et al., 1997) . Phylogenetic trees were constructed using MEGA2 (Kumar et al., 2001) . Sequences were obtained from the GenBank database under the following GenBank accession nos: BYDV-GAV, NC_004666; BYDV- Fig. 6 . Phylogenetic relationship between the RSDaV complete genome nucleotide sequence compared with other members of the family Luteoviridae. The tree was constructed by using the Minimum evolution algorithm provided in the MEGA 2 software package (Kumar et al., 2001) . 
